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Introduction
Regenerative endodontic procedures (REPs) are biologically based procedures planned to replace damaged tissues, including dentine and root structures, as well as cells of the pulp-dentine complex (Murray et al. 2007) . In cases of immature teeth with open apices and necrotic pulps, REPs promote root development and apical closure (Diogenes et al. 2013 , Galler 2016 .
Most REPs include minimal-to-no mechanical debridement (Diogenes et al. 2013) , relying on chemical debridement and on the use of intracanal medicaments to attain disinfection. Therefore, intracanal medicaments have been used in almost all published REPs. In the review carried out by Kontakiotis et al. (2015) analysing the protocols that have been used in regenerative endodontic therapy, 60 clinical studies were cited, 49 of which used antibiotics, alone (n = 45) or in combination with calcium hydroxide (n = 4).
The infection of the root canal system in immature permanent teeth with open apices and the subsequent periapical inflammation are diseases caused by mixed bacterial communities consisting of both aerobic and anaerobic bacteria (Siqueira & Roc ßas 2014) . Therefore, the use of a combination of antibiotics is more likely to effectively sterilize the canal, also decreasing the likelihood of the development of antibiotic resistance.
The first reported clinical protocol using antibiotics as intracanal medicament in REPs (Iwaya et al. 2001 ) used a double antibiotic paste (DAP)-containing ciprofloxacin and metronidazole. Subsequently, a triple antibiotic paste (TAP)-containing ciprofloxacin, metronidazole and a third antibiotic such as minocycline (Banchs & Trope 2004 , Petrino 2007 , Jung et al. 2008 , Reynolds et al. 2009 , Torabinejad & Turman 2011 , Dabbagh et al. 2012 , Martin et al. 2012 , Becerra et al. 2014 , cefaclor (Thibodeau & Trope 2007 , Kim et al. 2012 , Bezgin et al. 2015 or clindamycin (Kahler et al. 2014) has been used as an intracanal medicament.
Presently, the antibiotic mixture composed of ciprofloxacin, metronidazole and minocycline, known as triple antibiotic paste (TAP) or '3mix', is the most widely used intracanal medicament in REPs (Diogenes et al. 2013) .
Metronidazole, a nitroimidazole compound, is widely used for its broad-spectrum and strong antibacterial activity against anaerobic cocci, as well as Gram-negative and Gram-positive bacilli. Metronidazole permeates bacterial cell membranes, reaches the nuclei and binds to the DNA, disrupting its helical structure, and causing cell death. Roche & Yoshimori (1997) have investigated the activity of metronidazole against clinical isolates from odontogenic abscesses. They found that although it had no activity against aerobes, metronidazole had excellent activity against anaerobes isolated from odontogenic abscesses. Moreover, the use of metronidazole has been advocated because of its low induction of bacterial resistance (Slots 2002) .
Minocycline is a member of the bacteriostatic and broad-spectrum antimicrobials group of tetracyclines. It is a semisynthetic derivative of tetracycline with a similar spectrum of activity, being effective against both Gram-positive and Gram-negative microorganisms, including most spirochaetes and many anaerobic and facultative bacteria. Minocycline invades bacterial cells by passive diffusion through the outer membrane followed by active transport through the inner membrane, reaching the surfaces of ribosomes and inhibiting protein synthesis. Minocycline has been used in periodontal therapy, being available in many topical forms.
The synthetic fluoroquinolone ciprofloxacin inhibits DNA gyrase in bacterial nuclei, degrading the DNA by exonucleases and resulting in a bactericidal effect. Ciprofloxacin has very potent activity against Gramnegative pathogens, but its activity is limited against Gram-positive bacteria and most anaerobic bacteria are resistant to ciprofloxacin. Consequently, ciprofloxacin is often combined with metronidazole in the treatment of mixed infections. Although ciprofloxacin can cause side effects, in low doses, the drug is clinically safe (Black et al. 1990) . It can be assumed that when low doses of ciprofloxacin are applied as an intracanal medicament, insignificant adverse general side effects occur.
The aim of this paper was to review the scientific literature on (i) Effectiveness of antibiotics used in REPs against bacteria implicated in endodontic disease; (ii) Scientific evidence supporting the use of topical antibiotics in REPs; (iii) Clinical implications of the use of antibiotics in REPs and the possible side effects; (iv) Effect of antibiotics on dental pulp stem cells; and (v) Ongoing research on the use of antibiotics in REPs.
Effectiveness of antibiotics used in REPs against bacteria causing infection of the root canal system
The use of ciprofloxacin, metronidazole and minocycline in REPs has experimental support in the work carried out by Hoshino et al. (1988) , who studied the bactericidal efficacy of metronidazole against bacteria in carious dentine, concluding that metronidazole effectively disinfected the carious dentine. Sato et al. (1993) demonstrated that different mixture of ciprofloxacin, metronidazole, plus a third antibiotic (amoxicillin, cefaclor, cefroxadine, fosfomycin or rokitamycin) were effective in sterilizing cultures of samples taken from carious dentine and infected pulpal tissues. It was found that no bacteria could be recovered after treatment with 100 mg mL À1 of each Antibiotics in regenerative endodontics Montero-Miralles et al.
antibiotic (300 mg mL À1 of mixture). Nygaard-Ostby (1966) assessed the efficacy of ciprofloxacin, metronidazole and minocycline in dentine penetration and eradication of bacteria from infected dentine. Bacteria were not found after 48 h. Sato et al. (1996) and Hoshino et al. (1996) reported the bactericidal efficacy of a mixture of ciprofloxacin, metronidazole and minocycline to eradicate bacteria from the infected dentinee of root canals. Since then, triple antibiotic paste has been used commonly in REPs, becoming the most popular intracanal medicaments in pulp regenerative therapy. Takushige et al. (2004) used TAP to disinfect the root canals of 87 infected teeth, resulting in the resolution of symptoms within days. There were no symptoms until their exfoliation and the eruption of permanent teeth. They found that concentrations of 100 mg mL À1 of each drugs completely eradicated cultivable bacteria from infected root canals in clinical samples. Ordinola-Zapata et al. (2013) evaluated the antimicrobial activity of calcium hydroxide, 2% chlorhexidine gel and TAP using an intraorally infected dentine biofilm model, concluding that TAP paste was most effective at killing the bacteria in the biofilms on the intraorally infected dentine model in comparison with 2% chlorhexidine gel and calcium hydroxide. Antibiotics used in REPs not only have direct antibacterial effects. DAP (5 mg mL 
Clinical and experimental studies on efficacy of antibiotics in REPs
After the experimental confirmation of the efficacy of the combination of ciprofloxacin, metronidazole and minocycline against endodontic bacteria, Banchs & Trope (2004) used, for the first time, a paste containing these three antibiotics in a case of regenerative endodontics. The three antibiotics have either been mixed with water, saline, or been mixed with propylene glycol until a dense and smooth mix formed and a certain physical consistency was achieved that was deemed ideal by clinicians (Diogenes et al. 2013) . Windley et al. (2005) assessed the efficacy of TAP in the disinfection of immature dog teeth with apical periodontitis. The canals were sampled before (S1) and after (S2) irrigation with 1.25% NaOCl and after dressing with the triple antibiotic paste (S3). Reductions in mean CFU counts between S1 and S2 (P < 0.0001) as well as between S2 and S3 (P < 0.0001) were significant, indicating the usefulness of a triple antibiotic paste in the disinfection of canals in immature teeth with apical periodontitis. Recently, a modified triple antibiotic paste dressing (ciprofloxacin, metronidazole and cefixime, a thirdgeneration broad-spectrum cephalosporin) (mTAP) at a concentration of 20 mg of each antibiotic, has been shown to improve the success rate of the revascularization procedure in immature dog's teeth with AP (Rodr ıguez-Ben ıtez et al. 2015) .
However, the results of several investigations established that the use of intracanal antibiotics might not be necessary in REPs in immature dogs' teeth with apical periodontitis. da Silva et al. (2010) reported that canals treated with sodium hypochlorite irrigation with the EndoVac system alone presented more exuberant mineralized formations, more structured apical and periapical connective tissue, and a more advanced repair process than canals treated with sodium hypochlorite irrigation with the EndoVac system and TAP. Similarly, Cohenca et al. (2010) analysed samples collected from the canals of inmature dog's teeth with pulp necrosis and apical periodontitis, seeded in a culture medium for anaerobic bacteria, and then determining colony-forming unit counts. There was no significant difference between the groups with or without TAP. Likewise, it has been demonstrated in REP carried out in immature dog's teeth with AP that a TAP dressing for 2 weeks provided the same level of disinfection as irrigation with 5.25% sodium hypochlorite alone in only one session (Rodr ıguez-Ben ıtez et al. 2014).
Recently, the ESE position statement on revitalization procedures advocated the use of calcium hydroxide instead of antibiotics (European Society of Endodontology 2016), emphasizing that there is no strong evidence supporting the use of antibiotics in REPs (Galler 2016). The ESE position statement on the use of antibiotics in endodontics came to the same conclusion (European Society of Endodontology 2018).
However, recent clinical studies that have analysed the outcome of REP in which intracanal antibiotics have been used have revealed high success rates. The clinical study carried out by Chan et al. (2017) , including 28 immature permanent teeth with necrotic pulps, and using a triple antibiotic paste-containing cefaclor, ciprofloxacin and metronidazole, reported 100% resolution of periapical radiolucencies and 93% clinical success. A prospective randomized controlled study (Lin et al. 2017 ) compared the outcome of regenerative endodontics and apexification in immature permanent teeth with apical periodontitis. The study included 69 regenerative endodontic treatments (RET) carried out using triple antibiotic paste-containing ciprofloxacin, metronidazole and clindamycin. After 12-month follow-up, periapical lesions had disappeared in all cases, and all the teeth survived and were asymptomatic. The systematic review and metaanalysis carried out by Torabinejad et al. (2017) analysed the survival and success rates of immature teeth with pulp necrosis treated with MTA apical plug (MAP) or RET. Both MAP (95%) and RET (91%) found high success rates, with different combinations of antibiotics as the most common intracanal dressing used in the RET group.
Clinical implications of the use of antibiotics in REPs
The use of antibiotics as intracanal dressing in REPs may cause side effects. Dentine discolouration is a side effect that frequently has been described when TAP is used intracoronally (Hoshino et al. 1996 , Sato et al. 1996 , Kim et al. 2010 , Miller et al. 2012 , Rodr ıguez-Ben ıtez et al. 2015 . Reynolds et al. (2009) suggested that the discolouring effect of minocycline can be minimized by coating the dentinal tubules in the pulp chamber with a bonding agent. Thibodeau & Trope (2007) replaced minocycline for cefaclor in the TAP formula to avoid this complication. Miller et al. (2012) confirmed that the change of minocycline by cefaclor in the TAP composition ensured that discolouration did not occur. The review carried out by Kahler & Rossi-Fedele (2016) analysed the tooth discolouration in 80 studies of REPs, including 379 treated teeth. The results demonstrated a strong association of discolouration with the use of TAP-containing minocycline. Therefore, the authors recommend the substitution of TAP by either calcium hydroxide or DAP (metronidazole and ciprofloxacin). Nevertheless, the clinical studies of Chan et al. (2017) and Lin et al. (2017) , both without minocycline, revealed more than a half and 44% of the treated teeth were discoloured, respectively. The review conducted by Torabinejad et al. (2017) found that 40% of the studies in the RET group reported tooth discolouration after treatment, including cases in which triple antibiotic paste was replaced by Augmentin or calcium hydroxide paste.
Sealing the pulp chamber walls before insertion of TAP decreased coronal discolouration following REP but did not prevent it (Shokouhinejad et al. 2017) . Bleaching was able to recover, at least partially, the shade of the crown (Santos et al. 2017) . The ESE position statement on the use of antibiotics in endodontics concludes that taking into account the lack of solid evidence supporting the use of antibiotics in REPs, the use of calcium hydroxide should be preferred over triantibiotic paste (European Society of Endodontology 2018).
Another problem that must be taken into account when intracanal pastes-containing antibiotics are used is the possibility that bacteria responsible for endodontic infections develop resistance to the antibiotics that make up the pastes (Huang et al. 2008 , Wigler et al. 2013 . The misuse of antibiotics and the appearance of bacteria strains resistant to antibiotics is a worldwide crisis (Segura-Egea et al. 2017). The results of Sedgley et al. (2008) , who analysed the horizontal exchange of antibiotic resistance between different bacterial species in root canals, suggest that antibiotic resistance could be already developing in bacteria recovered from endodontic infections.
Finally, another possible problem in the use of antibiotics as intracanal dressing in REPs is the risk of provoked allergic reactions to patients previously sensitized (Jetty & Sidebottom 2013, Kaufman et al. 2014) , or to sensitize patients who had not previously been in contact with that antibiotic (Reynolds et al. 2009 , Wigler et al. 2013 . In any case, before REP, a complete medical and dental history of the patient must be made, regardless of whether or not antibiotics will be administered during the course of treatment (Wigler et al. 2013) .
Effect of antibiotics used in REPs on dental pulp stem cells
The successful outcome of REP depends on the preservation of the residual host cells, as tissue regeneration will only occur if the stem cells have survived (Diogenes et al. 2013) . It is essential in REPs that any antibiotic or combinations of antibiotics be biocompatible and has no toxic effect on host stem cells. Several studies have shown that vital pulp tissue tolerates well the pastes containing the three antibiotics (ciprofloxacin, metronidazole and minocycline) (Ayukawa 1994 , Paryani & Kim 2013 . Experiments performed using the subcutaneous tissue of rats as a model have concluded that TAP is biocompatible (Gomes-Filho Antibiotics in regenerative endodontics Montero-Miralles et al. et al. 2012 , Wigler et al. 2013 . However, Wang et al. (2010) warned that the use of high concentrations of antibiotics in REPs could be toxic to live tissue. Consequently, the best concentration of the antibiotics mixture for the maximum effect against endodontic bacteria is still to be determined, but which, in turn, is harmless to the host cells, including stem cells (Diogenes et al. 2013) . Ruparel et al. (2012) evaluated the survival of stem cells of the apical papilla (SCAP) exposed to various concentrations of intracanal drugs, demonstrating that when the cells were exposed to high concentrations of antibiotics, similar to those used in some REPs, there was a significant decrease in SCAP survival. Experiments showed that all mixtures of antibiotics tested, including TAP, double antibiotic paste (ciprofloxacin, metronidazole), a modified triple antibiotic paste (ciprofloxacin, metronidazole, cefaclor), and Augmentin TM (amoxicillin and clavulanic acid) at concentrations ranging 0.01-100 mg mL
À1
, were toxic to a SCAP cell line in a concentration-dependent manner. The antibiotic concentration that reduced to 50% SCAP survival (LC 50 ) was 1 mg mL
. However, a TAP concentration of 100 lg mL
), which has a high antibacterial effect against endodontic bacteria (Takushige et al. 2004) , was nontoxic to SCAP.
Recently, Alguilan et al. (2017) proposed the use of diluted TAP in a methylcellulose system (DTAP) in REPs. DTAP was prepared by mixing 1000 mg of equivalent portions of metronidazole, ciprofloxacin and minocycline powders in methylcellulose (1 mg mL
). DTAP caused significant increases in dental pulp stem cells (DPSC) attachment to dentine and did not affect negatively the DPSC proliferation.
Ongoing research on the use of antibiotics in REPs
The research recently published on this subject is aimed at finding safer ways to administer antibiotics. It has been suggested that the use of antibiotic-containing scaffolds is a biologically safe antimicrobial drug delivery system in REPs (Bottino et al. 2013) . Bimix antimicrobial scaffolds-containing metronidazole and ciprofloxacin inhibit the growth of Enterococcus faecalis, Porphyromonas gingivalis and Fusobacterium nucleatum (Palasuk et al. 2014) , and promote a marginal reduction in human DPSCs viability (Kamocki et al. 2015a,b) . Kamocki et al. (2015a,b) demonstrated that scaffolds containing reduced concentrations of ciprofloxacin preserve its antimicrobial properties but enhanced the viability and proliferation of human dental pulp stem cells. It has been demonstrated that ciprofloxacin-containing scaffolds promise as an intracanal medicament to eliminate Enterococcus faecalis biofilms before REPs (Albuquerque et al. 2015a,b) . Likewise, it has been found that a triple antibiotic paste (TAP)-mimic scaffold reduced significantly the percentage of viable Actinomyces naeslundii dentine biofilm (Albuquerque et al. 2015a,b) . Pankajajshan et al. (2016) demonstrated that nanofibre-based drug delivery systems are a more cell-friendly disinfection strategy than the currently used TAP, and may contribute to better and more predictable regenerative outcomes. They concluded that triple antibiotic-containing polymer nanofibres led to significant bacterial death, whereas they did not affect DPSC attachment and proliferation on dentine. In other study, Alburquerque et al.
(2017) studied scaffolds with an antibiotic-elution polymer nanofibres in a dentinee sample. When biofilms composed by E. faecalis, A. naeslundii and S. Sanguinus were cultivated, and 3D tubular shape triple antibiotic-eluting nanofibrous constructs, it was possible to eliminate almost completely viable bacteria from both the surface and the inside of the dentinee (P < 0.5), similar to the bacterial death for TAP.
Recently, the use of clindamycin-modified triple antibiotic polymer (polydioxanone) nanofibres has been proposed as a valid therapeutic alternative to the use of minocycline pastes. Clindamycin has remarkable antibacterial effects and is also cellfriendly and stain-free (Karczewski et al. 2018) .
Conclusions
Antibiotics used in REPs are effective against bacteria implicated in endodontic infections. Triple antibiotics pastes with minocycline attain complete disinfection of immature teeth with necrotic pulps, without affecting SCAP. Experimental studies carried out on dogs support the use of antibiotics in REPs. Clinical studies report high success rates of RET using antibiotics as intracanal dressings. However, tooth discolouration is an important side effect of the use of TAP. An antibiotic paste containing only metronidazole and ciprofloxacin could be a good alternative to TAP. The use of antibiotic-containing scaffolds or clindamycin-modified triple antibiotic (metronidazole, ciprofloxacin and clindamycin) polymer could be a biologically safe antimicrobial drug delivery system in REPs.
